Compressed air and steam are perhaps the most significant industrial utilities after electricity, gas and water, and are responsible for a significant proportion of global energy consumption. Microturbine technology, in the form of a Gas Turbine Air Compressor (GTAC), offers a promising alternative to traditional, electrically driven air compressors providing low vibration, a compact size, reduced electrical consumption and potentially reduced greenhouse gas emissions. With high exhaust temperatures, gas turbines are well suited to the cogeneration of steam. The compressed air performance can be further increased by injecting some of that cogenerated steam or by conventional recuperation.
INTRODUCTION
Compressed air and steam are amongst the most significant contributors to industrial energy consumption. Compressed air is often considered the "fourth" utility after electricity, gas and water [1] with wide ranging applications, including pneumatics, cleaning and cooling. Similarly steam, with excellent energy transport capabilities, has a wide range of applications, including power generation, heating, humidification and more.
Air compressors are typically electrically driven positive displacement devices, such as either screw or reciprocating compressors. Compressed air production represents 10 to 16% of industrial electrical consumption [2, 3] , which, depending on the electricity source, can result in significant greenhouse gas emissions and running costs. Steam is typically produced by gas fired boilers. However, a useful alternative is cogeneration where steam is generated using the excess heat of another device. The benefit is steam production at no additional fuel cost.
A promising alternative to separate air compressors and boilers is a microturbine based cogeneration device. Furthermore, the incorporation of advanced cycle variations, including steam injection and recuperation, have the potential to significantly improve performance. This paper aims to provide a thermodynamic analysis of such a device to assess the potential benefits that could be achieved.
Gas Turbine Air Compressor (GTAC)
A microturbine based device offers several benefits over existing compressor technology, including high power density, low vibration compared to a reciprocating compressor, and low electricity demand, leading to potentially lower greenhouse gas emissions. A prototype gas turbine air compressor (GTAC) has been constructed around an automotive turbocharger and is the subject of a companion work [4] where information regarding steady state modelling and experimental results can be found. The device is shown schematically in Fig. 1 A) in a cogeneration configuration. Compressed air is supplied by bleeding off a portion of the air after the compressor. While based on the GTAC prototype, the analysis presented here does not make use of the results in [4] . The purpose of this analysis is to assess the potential benefits of advanced forms of the GTAC rather than develop a high fidelity model.
Steam Injection Gas Turbine (STIG)
Historically, improving gas turbine performance relied heavily on increasing the turbine inlet temperature [5] , which is limited by the cooling requirements to maintain turbine integrity [6] . An alternative was to use waste heat recovery from the exhaust. Traditionally this would be in the form of recuperation or a combined cycle, but over the last several decades 'wet' or mixed airsteam cycles, where water or steam is introduced into the working fluid, have seen increasing use.
The steam injection gas turbine (STIG) and the evaporative gas turbine (EGT) are the most basic forms of 'wet' cycles [7] . In a STIG cycle, steam is generated using the high temperature exhaust and injected into either the combustion chamber or the turbine nozzle guide vanes (or both). In the EGT cycle, water is injected into the outlet of the compressor prior to passing through a recuperator. While the STIG cycle, and variations such as the Cheng cycle [8] , have received considerable attention historically, more recent developments have focused on variations of the EGT. In particular, there has been a significant interest in the humid air turbine (HAT) cycle, and variations, which use a humidifier rather than direct water injection [9] [10] [11] . However, since the cogeneration of steam is a desired output in this study, only the STIG cycle will be considered.
The injection of water or steam has two major effects to increase performance: the addition (or substitution) of mass, and raising the specific heat [12] [13] [14] . For an equivalent pressure ratio both increased turbine mass flow and specific heat will increase turbine work. Hence, for fixed compressor work the total work out is increased. In practice these wet cycles offer reductions in complexity and cost, while providing improved part load performance compared to combined cycles [5, 15] . Furthermore, steam can replace the turbine and combustor cooling flows, and water injection has also been used to reduce NO x emissions [16] . Despite the benefits found from use of steam and water injection in gas turbine development during the early 20th century, commercial steam injected gas turbines did not become more common until the mid-1980s [15] .
The STIG cycle suffers from two significant drawbacks. Firstly, the heat recovery steam generator (HRSG) is limited by the pinch point (the smallest temperature difference between the water and exhaust), restricting the heat transfer to the water, and hence the maximum steam production [17] . Secondly, water consumption is typically about 1.1 to 1.6 kg per kWh of power output [13] . Hence, either significant water recovery or a substantial water supply is required, which can lead to increased device complexity or running costs.
Despite these limitations a steam injected GTAC has the potential for higher compressed air delivery rates and efficiency. Furthermore such a device offers the potential for a highly versatile cycle capable of switching between high steam production and high compressed air production. This paper therefore provides a thermodynamic analysis to assess the extent of the improvements from incorporating steam injection and its potential for meeting variable compressed air and steam demand.
PROPOSED CYCLES Cycle Performance Measures
When assessing the performance of the cycles being proposed there are three aspects that need to be considered. These are how the device performs as an air compressor, as a steam generator, and the overall energy utilisation of the device. These performance measures can be expressed as efficiencies, however since no shaft work is produced the standard form of thermal efficiency does not apply. Therefore, alternative forms of the efficiency are defined. The compressed air efficiency is defined as the ratio of the useful work to produce compressed air to the energy released by combustion:
The useful work is defined as the portion of isentropic work that leads to the delivery pressure and rate before consideration of irreversible compressor behaviour. The steam efficiency is defined as the ratio of the energy from the exhaust required to produce the cogenerated steam to the energy released by combustion:
The overall efficiency, which assesses useful energy utilisation, is defined as the ratio of the useful energy out in the form of compressed air and steam to the energy released by combustion:
GTAC With Cogeneration
The first cycle configuration analysed is the basic GTAC with cogeneration, shown in Fig. 1 A) . This is the GTAC with a HRSG using the high temperatue exhaust to generate steam, and represents the simplest cogeneration device considered, making it the base comparison case.
Recuperated GTAC
Conventional heat recovery in low pressure ratio devices is traditionally achieved through recuperation, shown in Fig. 1  B) . The high temperature exhaust is used to preheat air entering the combustion chamber using a heat exchanger (a recuperator). Hence, the required heat from combustion is reduced, increasing the compressed air efficiency. While not a form of cogeneration it is a conventional exhaust heat recovery method making it a useful comparison.
STIGTAC With Cogeneration
The cycle configuration of most interest is the steam injection gas turbine air compressor (STIGTAC), shown in Fig. 1 C) . In the STIGTAC a portion of the steam generated in the HRSG is injected into the combustion chamber to augment the cycle. Given the theory on STIG cycles described previously it is expected that a STIGTAC cycle will lead to increased compressed air delivery rate and efficiency.
Recuperated STIGTAC
Both the recuperated and STIGTAC cycle configurations are expected to increase the compressed air efficiency, with the STIGTAC also expected to increase the compressed air delivery rate. Combining the two configurations into a recuperated STIGTAC would be expected to lead to improved performance over either configuration depending on which of the two possible combinations of recuperator and HRSG is used (shown in Fig. 1 D) and Fig. 1 E) ). Incorporating steam injection into a recuperated cycle (recuperator preceding HRSG in exhaust, Fig. 1 E) would be expected to lead to a higher efficiency and compressed air delivery rate over the recuperated cycle. However, the significant reduction in exhaust temperature at the HRSG inlet severely restricts the stream production, resulting in only a small degree of steam injection being possible. The alternative is incorporating recuperation into a STIGTAC cycle (HRSG precedes the recuperator, Fig. 1 D) which would be expected to lead to an improved efficiency over the STIGTAC. However, this is at the expense of steam production, which is reduced to ensure the exhaust temperature at the recuperator inlet is greater than the compressor outlet temperature. Hence, the combination of the two cycles offers benefits to compressed air production but at the cost of steam production.
THERMODYNAMIC MODEL Component Models
The device model developed consists of a set of individual component models: the compressor, turbine, steam injection, combustion chamber, HRSG and recuperator. The compressor, water and fuel inlet conditions (temperature and pressure) are fixed with temperatures set to 25 o C and the pressures at 101.3 kPa, 1000 kPa, and 650 kPa for the compressor inlet, water inlet and fuel inlet respectively. The compressor and turbine pressure ratios are assumed equal with a constant value of three, while the air composition at inlet is 76.8% nitrogen and 23.2% oxygen by mass. The prescribed inputs are the compressor inlet flow rate, the water inlet flow rate, and the steam ratio. The pumping work for raising the water pressure and heat losses to the environment are considered negligible. Since this analysis is based on the GTAC experimental rig from [4] , the fuel is assumed to be propane. All thermodynamic properties are obtained from the NIST program REFPROP [18] .
Compressor and Turbine
The compressor and turbine models are based on the characteristic maps for the Garett GT3076R turbocharger used in the GTAC experimental rig. The corrected mass flow rate (CMF) is calculated first and then the corrected speed and isentropic compressor efficiency are calculated from the compressor map.
To determine the compressor work and outlet conditions two downstream properties are required. In general, variable specific heats are assumed, however, for determining the turbomachinery outlet properties the adiabatic index is assumed to be constant. This significantly simplifies the calculations, and since only small variations in the adiabatic index were observed this assumption is reasonable, and allows calculation of the isentropic outlet temperature.
With the ideal outlet enthalpy and isentropic efficiency known, the actual compressor work and outlet enthalpy can be calculated. The actual outlet temperature can subsequently be retrieved from REFPROP.
The turbine model follows the same process with several exceptions. The turbine CMF is a mapped function of pressure ratio. The turbine inlet temperature is subsequently calculated from the CMF and turbine mass flow rate. The spool speed is known from the compressor, and used to calculate the turbine corrected spool speed. The isentropic efficiency is subsequently calculated using the turbine's corrected spool speed and pressure ratio. The calculation of the outlet conditions and turbine work proceeds in the same way as the compressor.
Steam Injection
The steam injection is modelled using the enthalpy balancė m a h t,co +ṁ s h t,s = (ṁ a +ṁ s ) h t,as .
The air and steam inlet conditions and the air mass flow rate are known, while the steam mass flow rate is calculated from the prescribed steam ratio using
Since the Mach numbers being considered are relatively low it is reasonable to assume that the outlet pressure is equal to the air inlet pressure [19] . Hence, the outlet stagnation enthalpy can be calculated from Eqn. (4).
Combustion Chamber
Since pressure losses and heat losses are assumed to be negligible, steam injection before or after combustion leads to the same result. For computational convenience steam injection is assumed to occur prior to combustion, leading to an air-steam mixture and fuel entering the combustion chamber, with combustion products exiting. The inlet conditions of the air-steam mixture (including composition) and the fuel and the air-steam mixture mass flow rate are considered known. The turbine inlet temperature is calculated from the turbine CMF (which is known from the pressure ratio), making it a function of the fuel flow rate (as part of the turbine mass flow rate) which is the unknown in this model.
The combustion chamber was modelled using the enthalpy balanceṁ as h t,as +ṁ f h t, f =ṁ ex h t,ti ,
with the stagnation enthalpies defined as
with the enthalpy of formation included as a chemical reaction is taking place.
To calculate the outlet enthalpy the composition is determined from the combustion of propane with added steam:
The outlet composition, is therefore a function of the equivalence ratio, and hence the fuel flow rate. Since the turbine inlet pressure is known and the turbine inlet temperature and compostion are known functions of the fuel flow rate, the combustion chamber outlet specific enthalpy can be retrieved from REF-PROP for a given fuel flow rate. The fuel flow rate can subsequently be obtained by solving Eqn. (6) for a given air-steam mixture flow rate and pressure ratio.
Recuperator and HRSG The recuperator and HRSG models are fundamentally the same, with the exception being several additional calculations for the HRSG. Both are modelled as counterflow heat exchangers with known inlet conditions and mass flow rates. The hot fluid is the exhaust while the cold fluid is the water for the HRSG, or compressed air for the recuperator. The heat exchanger performance is described by a constant effectiveness of 0.85.
Neglecting heat losses, the outlet stagnation enthalpies of the hot and cold sides can be calculated from
with the temperatures subsequently retrieved from REFPROP. While this is sufficient for the recuperator, which is a single phase device, the HRSG requires additional calculations. The HRSG is divided into an economiser,
which heats the water to the boiling point, a boiler,
which converts the water to steam and a superheater,
which further heats the steam. The HRSG inlet and outlet conditions are known from solving Eqn. (14) and the boiler inlet and outlet enthalpies on the cold side (the water side) are known by virtue of being saturated liquid and vapour respectively. Equations (17) and (15) can then be used to find the boiler inlet and outlet stagnation enthalpies of the hot side (the exhaust side). Equation (16) becomes a check of the solution as all quantities for the HRSG are now known. A second check is the pinch point temperature difference, which is the minimum difference in temperature between the water and the exhaust, and occurs at the water inlet of the boiler. For the solution to be physical the pinch point temperature difference needs to be greater than zero, although more realistically 10 • C is used in practice [20] .
Cycle Closure
In the models presented there is still one variable unaccounted for, the mass flow rate of bled air (and by extension the turbine mass flow). To determine solutions for the components after the compressor this variable is required. The GTAC does not produce external shaft work, hence, the turbine and compressor have equal workṁ c w c =ṁ t w t .
Equation (18) can be solved iteratively for the turbine mass flow, and hence the bleed flow. For the basic GTAC (i.e. no steam injection or recuperation) this is sufficient to completely resolve the operating point. However for either steam injection or recuperation, knowledge of the exhaust is required for the HRSG or recuperator models. This requires an additional level of iteration to solve for either the steam temperature at injection or the exhaust temperature entering the recuperator. For the case of a recuperated STIGTAC both are required, leading to an additional level of iteration. Hence, the operating conditions for a GTAC, STIGTAC, recuperated GTAC, or recuperated STIGTAC cycle are completely defined.
First Law Balance
To assess the accuracy of the cycle closure the first law balance for the overall device is evaluated as Table 1 shows the results of the enthalpy balance for a selection of operating conditions. The discrepancy between the 
RESULTS AND DISCUSSION Steam Injection
Three significant trends for increasing steam ratio are revealed by Figs. 2 and 3 . These are increased bleed flow, decreased cogenerated steam supply, and a reduced operating range. The two primary factors leading to the increased bleed flow are the addition of mass from the injected steam, and an increase in the compressor mass flow rate. Since the turbine CMF is a function of the pressure ratio, which is constant, it will be fixed. Hence, for a given turbine inlet temperature and pressure the turbine mass flow rate is fixed. With no pressure losses and low Mach numbers the turbine inlet pressure is approximately constant for all operating points. The turbine inlet temperature is limited by a maximum allowable value, restricting the operating range of the turbine to the same maximum mass flow rate for all steam ratios. As a result, the injected steam substitutes for a portion of the air that would otherwise be passing through the turbine, leading to an increase in bleed flow.
This does not, however, account for the entire increase in bleed flow. The remainder is a result of the increased compressor flow rate. Since the compressor inlet conditions (and by extension the specific heat) are fixed, the specific compressor work is fixed. Therefore, the actual compressor work increases with the mass flow rate, resulting in an increase in turbine work. It has been established already that the turbine inlet conditions are independent of steam ratio. Furthermore, while the specific heat varies significantly, the variation in adiabatic index is only small between different steam ratios. Hence, the temperature ratio (and by extension the temperature difference) for the turbine is weakly dependent on the steam ratio. Therefore, the increase in turbine work is due to the change in the specific heat from steam injec- tion, which is consistent with the literature [12, 21] .
The second and third trends are a result of the HRSG performance. For a given steam ratio, a minimum amount of steam, and by extension heat transfer, is needed to meet injection requirements. Unsurprisingly, this minimum required steam increases with increasing steam ratio. However, the increase in steam production is less than the increase in steam injected, since only a portion of the energy from the injected steam is utilised in the HRSG. Therefore the cogenerated steam supply and operating range decrease with increasing steam ratio. Figures 2 and 3 show the overall efficiency is dominated by the steam efficiency, and demonstrates the versatility between compressed air and steam production. Specifically that increased steam ratio leads to higher compressed air supply and efficiency, while decreasing the steam ratio shifts to higher steam supply and efficiency.
Recuperation
The analysis so far has shown that significant increases in compressed air efficiency and delivery rate are possible using steam injection. However, it can be seen from Fig. 2 that the compressed air efficiency of the recuperated GTAC is significantly higher than that achieved through steam injection. This is unsurprising given that the performance increase from steam injection is limited by turbine performance and the limited energy utilisation of the injected steam. The recuperator, however, utilises more of the energy extracted from the exhaust, and is not dependent on turbine performance as the same operating point is effectively being maintained. The compressed air delivery rate is unaffected, however, restricting a recuperated cycle to the same compressed air delivery rates as the basic GTAC. The high compressed air efficiencies of the recuperated GTAC and the high bleed flow of the STIGTAC suggests combining the two would be beneficial. However it was found that implementing steam injection on a recuperated GTAC (shown in Fig. 1 E) , where the recuperator precedes the HRSG in the exhaust stream, was incapable of producing sufficient steam for injection. Hence, only the alternative configuration of the HRSG preceding the recuperator (shown in Fig. 1 D) ) was analysed.
The compressed air and overall efficiencies of this configuration for different steam ratios are shown in Figs. 4 and 5 respectively. While the operating range of the recuperated STIG-TAC is much smaller than that of the STIGTAC, the compressed air efficiency and overall efficiency are higher for a given operating point. By recalling the efficiency definitions given in Eqns.
(1), (2) , and (3) it can be seen that this increase in both efficiencies is due to the reduction in heat required from the fuel. At high steam flow the compressed air efficiency approaches that of the STIGTAC while at low steam flow the efficiency approaches the recuperated GTAC efficiency. The operating range is limited by the requirement to maintain the exhaust temperature leaving the HRSG, and hence entering the recuperator, above the compressor outlet temperature, restricting the maximum amount of steam that can be produced. However, the maximum amount of compressed air supplied remains the same as per the STIGTAC. Hence the recuperated STIGTAC is able to achieve better compressed air performance at the expense of steam production.
Greenhouse Emissions
The conditions and fuel used with the detailed model were chosen to match the experimental GTAC test rig described in Wiese et al [4] . While this allows for a comparison of emissions between the GTAC, as it is currently set up, and a STIGTAC, it is less useful for a comparison under realistic conditions, where a higher compressed air delivery pressure is required and natural gas is the likely fuel. For an emissions comparison under realistic conditions the detailed model described above was simplified as follows. Constant compressor and turbine isentropic efficiencies of 0.75 and 0.85 were used to represent a well designed and constructed device while a pressure ratio of 9 was used to achieve a more realistic delivery pressure. A combustor stagnation pressure ratio of 95% and a combustor efficiency of 98% were assumed. The turbine inlet temperature was assumed to have constant values of 1200K (the limit for uncooled all metal devices), 1350K and 1500K, with the later values being achievable with advanced materials such as ceramics which are still new [22] . As per the detailed model, the effectiveness of the HRSG was assumed to be 0.85. The steam mass flow rate was set to be the maximum value possible by fixing the pinch point temperature difference to values between 10 o C and 30 o C depending on the turbine inlet temperature being used. This was necessary to maintain the exhaust temperature above the dew point. The CO 2 emissions are calculated from a combustion equation for methane similar to that for propane given in Eqn. (8) .
The STIGTAC CO 2 -e emissions were compared to an equivalent electrically driven compressor and gas fired boiler. The compressor was modelled as per the compressor model described earlier with a constant isentropic efficiency of 62%. A mechanical efficiency of 90% represents the efficiencies of the motor and of the coupling between the motor and compressor. The electric- resenting the indirect emissions from the extraction, production and transport, for natural gas are calculated for both the boiler and STIGTAC using an emissions factor of 6.4 kg CO 2 -e/GJ (2009/10 figure based on [23] with average gas consumption from [24] ). The percentage CO 2 mitigation is calculated from The results in Fig. 6 demonstrate that a well designed, natural gas fired STIGTAC can achieve over a 50% reduction in CO 2 emissions, compared to separate devices, in countries with electricity and gas emissions intensities similar to, or worse than, Australia. Pushing the turbine inlet temperature up to potential future limits leads to a reduction of over 57%. At high steam ratios the reduced cogenerated steam supply leads to the emissions mitigation being largely due to the lower emissions intensity of the STIGTAC compared to the electrically driven compressor. However at low steam ratios the higher cogenerated steam supply makes a significant contribution to the emissions reduction, by eliminating boiler emissions. With no steam injection, steam generation contributes to about two thirds of the total reduction while at high steam ratios this contribution is only a few percent.
CONCLUSION
This paper undertook a first law analysis of several variants of a so-called Gas Turbine Air Compressor (GTAC). The basic GTAC device has been built, tested and analysed during steady state operation in a companion work [4] . This paper compliments this other work by examining variants of the GTAC that feature recuperation, steam injection and steam cogeneration, the latter collectively termed STIGTAC cycles.
Steam injection was found to lead to increased compressed air efficiency and compressed air delivery rate, by virtue of the waste heat recovery and steam substituting for air in the turbine. While the recuperated cycle had the highest compressed air efficiency, it could not increase the compressed air delivery rate. Combining steam injection and recuperation was argued to only be practical if the HRSG preceded the recuperator in the exhaust. This led to improvements in the compressed air efficiency and overall device efficiencies at specific operating points but at the expense of a significant reduction in operating range. However for pressure ratios of seven to nine, which is typical in an industrial air compressor, a recuperated cycle is is of limited thermodynamic benefit compared to steam injection and is likely to be more expensive.
All STIGTAC cycles showed that by varying the steam ratio, such devices could switch between an emphasis on compressed air or steam production. Further, a simplified calculation of the greenhouse gas emissions from a production optimised STIG-TAC showed the capablity of achieving a significant reduction in greenhouse gas emissions relative to an electrically driven screw compressor and a natural gas fired boiler, provided that the electricity is generated primarily from coal. As this is the case in large parts of the world, and has the added benefit of avoiding the use of electrical infrastructure, such devices may be a practical and cost effective means of mitigating greenhouse gas emissions.
